Content Summary: This study shows that oxLDL induces activation of sphingosine kinase in murine macrophages. Sphingosine kinase activation increases sphingosine-1-phosphate levels which leads to mobilization of calcium from intracellular stores and the generation of calcium oscillations. These calcium oscillations, as previously reported, lead to an inhibition of macrophage apoptosis.
] i oscillations have not been elucidated. In this study, we show that these oscillations are mediated in part by intracellular mechanisms, as depleting extracellular Ca 2+ did not completely abolish the effect. Inhibiting sarco-endoplasmic reticulum ATPase (SERCA) completely blocked [Ca 2+ ] i oscillations, suggesting a role for Ca 2+ re-uptake by the ER. The addition of oxLDL resulted in an almost immediate activation of sphingosine kinase (SK), which can increase sphingosine-1-phosphate (S1P) levels by phosphorylating sphingosine. Moreover, S1P was shown to be as effective as oxLDL in blocking macrophage apoptosis and producing [Ca 2+ ] i oscillations. This suggests that the mechanism in which oxLDL generates [Ca 2+ ] i oscillations may be (1) activation of SK, (2) SK-mediated increase in S1P levels (3) S1P-mediated Ca 2+ release from intracellular stores, and (4) SERCA-mediated Ca 2+ re-uptake back into the ER.
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INTRODUCTION
Atherosclerosis is a chronic inflammatory disease of large and medium-sized arteries and macrophages play a central role in its initiation and progression (1, 2) . The accumulation of macrophages in lesions is due in part to recruitment of monocytes from the bloodstream (2) , and also to proliferation of macrophages within atherosclerotic lesions (3) (4) (5) (6) . Oxidized low-density lipoprotein (oxLDL) plays an important role in atherogenesis, in part because of its effects on macrophage recruitment and retention (7, 8) . Initial oxidation of LDL and formation of what is often referred to as "minimally modified" LDL stimulates adjacent endothelial and smooth muscle cells to release monocyte chemotactic protein-1 (MCP-1), which facilitates the recruitment of monocytes into the arterial wall. OxLDL itself is chemotactic for monocytes by virtue of its lysophosphatidylcholine content.
At high concentrations, oxLDL can be toxic to cultured macrophages and other cells, but at lower concentrations it has been clearly shown to promote macrophage proliferation and inhibit apoptosis (9) (10) (11) (12) (13) (14) (15) . Our group has recently reported that oxLDL inhibits macrophage apoptosis by activating eukaryotic elongation factor-2 (eEF2) kinase (also known as Ca 2+ /calmodulin dependent kinase III) (16) . eEF2 kinase activation and inhibition of macrophage apoptosis is mediated an oscillatory increase in [Ca 2+ ] i . However, the signal transduction pathways involved in oxLDL mediated [Ca 2+ ] i oscillations have not been elucidated.
Ca
2+ is a ubiquitous intracellular signal responsible for controlling numerous cellular processes. These processes range from muscle contraction to synaptic transmission, and from cellular proliferation to apoptosis (17) . Ca 2+ can relay specificity in signalling through its high degree of spatial and temporal diversity (18) . Ca 2+ released into the cytoplasm can function as a second messenger that can mediate cell survival or induce apoptosis (19 (20, 21) .
Weak TCR activation induces Ca 2+ oscillations, whereas strong TCR activation induces sustained Ca 2+ elevation. The former activates nuclear factor of activated T cells (NFAT)
optimally and thereby up-regulates expression of the pro-survival cytokine IL-2, whereas the latter up-regulates the pro-apoptotic BH3-only protein Bim.
Spingosine-1-phosphate (S1P) plays an important role in many cellular processes including regulation of Ca 2+ signals (22) (23) (24) (25) (26) and cell survival and proliferation (27) (28) (29) (30) (31) (32) (33) (34) (35) .
Intracellular levels of S1P are tightly regulated by the equilibrium between its formation, which is catalyzed by sphingosine kinase (SK), and its degradation, which is catalyzed by S1P lyase and S1P phosphatases (36) . S1P produced in response to agonists has the ability to function intracellularly as a second messenger or after secretion in an autocrine/paracrine fashion to activate S1P receptors (formerly known as EDG receptors) on the cell surface (37) . Although S1P is thought to mobilize [Ca 2+ ] i via interaction with its surface receptors, increasing evidence suggests an important intracellular role for S1P in mediating Ca 2+ increases within the cell (38, 39) . However, the exact mechanism in which S1P mediates Ca 2+ mobilization is still uncertain.
In the present study, we describe a mechanism in which oxLDL generates [Ca 2+ ] i oscillations by (1) oxLDL-mediated activation of SK, (2) SK-mediated increase in S1P levels (3) S1P-mediated Ca 2+ release from intracellular stores, and (4) SERCA-mediated Ca 2+ re-uptake back into the ER.
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Chen et al. Chen et al. ] i oscillations in BMDMs within the same time frame and as effectively as oxLDL ( Figure 5 ). Furthermore, the same concentration of S1P promoted BMDM survival ( Figure 6A) and blocked apoptosis ( Figure 6B ) to the same extent as oxLDL. S1P arises from the phosphorylation of sphingosine by SK (36 ] i oscillations by oxLDL in BMDM might be mediated by its ability to increase phosphorylation of sphingosine.
MATERIALS AND METHODS
Materials
SK is activated in response to oxLDL. To determine if oxLDL can activate SK in BMDMs we
used an in vitro kinase assay to measure the ability of cell lysates to phosphorylate sphingosine.
There was a 1.5-fold increase in SK activity almost immediately after the addition of oxLDL ( Figure 7 ). This rapid activation of SK lends plausibility to the suggestion it could be a mechanism for mediating the [Ca 2+ ] i oscillations observed in response to oxLDL. ] i oscillation, we used a selective inhibitor of SK (54) . Figure 7 shows that this compound effectively blocks SK activation by oxLDL. It also completely blocked oxLDL-generated [Ca 2+ ] i oscillations ( Figure   8 ) and oxLDL-mediated macrophage survival ( Figure 9 ). These results strongly suggest that oxLDL induced Ca 2+ mobilization is mediated by increased generation of S1P via SK activation. oscillations in BMDM. The addition of oxLDL resulted in an almost immediate activation of SK, which is the major cellular pathway to production of S1P.
Inhibition of SK blocks oxLDL mediated [Ca
Inhibition of SK activation blocked not only oxLDL-generated [Ca
2+
] i oscillations, but also oxLDL-mediated macrophage survival. This links Ca 2+ signaling with the pro-survival effects of oxLDL. Delivery of S1P by oxLDL itself is unlikely because S1P is lost during the oxidation process (55) . Furthermore, native LDL, which contains significant amounts of S1P (55), does not elicit a Ca 2+ response similar to S1P, suggesting that endogenous production, perhaps in the plasma membrane, may be required to induce calcium oscillation (56). Our results do not exclude a role for other components of oxLDL such as oxysterols in stimulating intracellular [Ca 2+ ] i oscillations. However, the fact that the effect of oxLDL was mimicked by exogenous S1P and inhibited by an SK inhibitor suggests that S1P plays a major role. In addition, a recent study in U937 macrophages found that increased intracellular Ca 2+ in response to 7β-hydroxycholesterol was mediated by influx of extracellular Ca 2+ and was non-oscillatory (57) . Both of these features are different from our findings with oxLDL-induced Ca 2+ signaling in BMDM.
The exact mechanism in which S1P mediates Ca 2+ mobilization is still uncertain. Ca GTPase that regulates peptide chain elongation. Phosphorylation of eEF2 inhibits its activity thereby reducing the rate of protein synthesis. In keeping with its ability to activate eEF2K, addition of oxLDL results in a decrease in overall protein synthesis in BMDMs (16) .
Paradoxically, this effect of eEF2K activation has been shown to result in increased viability of cells under conditions of metabolic stress (e.g., growth factor withdrawal).
The results described herein extend our previous observations, and suggest a model in which oxLDL activates SK, triggering S1P-mediated oscillatory Ca 2+ release from intracellular stores, which in turn leads to activation of eEF2K and energy conservation via inhibition of protein synthesis, culminating in increased macrophage survival.
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